In order to isolate gravitropism mutants of Arabidopsis thaliana (L.) Heynh. var Estland for the genetic dissection of the gravitropism pathway, a direct screening procedure has been developed in which mutants are selected on the basis of their gravitropic response. Variability in hypocotyl curvature was dependent on the germination time of each seed stock, resulting in the incorrect identification of several lines as gravitropism mutants when a standard protocol for the potentiation of germination was used. When the protocol was adjusted to allow for differences in germination time, these lines were eliminated from the collection. Out of the 60,000 M2 seedlings screened, 0.3 to 0.4% exhibited altered gravitropism. In approximately 40% of these mutant lines, only gravitropism by the root or the hypocotyl was altered, while the response of the other organ was unaffected. These data support the hypothesis that root and hypocotyl gravitropism are genetically separable.
Gravitropism was described nearly 100 years ago by Charles Darwin (6) . Research since then has increased our understanding of the phenomenon (1, 8) ; yet, the unequivocal identification of even one step in the pathway remains unaccomplished. Collections of mutants have been used successfully in the dissection of various biochemical pathways (1 1), and data from collections of gravitropism mutants would be expected to yield similar insights. Gravitropism mutants have already been described in several species (12) ; however, there has been no concerted effort to establish a collection of gravitropism mutants in a single plant species.
As part of our effort to identify gravitropism mutants in
Arabidopsis thaliana (L.) Heynh 
MATERIALS AND METHODS

General Growth Conditions
Seeds ofArabidopsis thaliana (L.) Heynh. var Estland were used throughout the present study (gift from C. Somerville, Michigan State University, East Lansing, MI). Seedlings were grown as previously described (9) .
Light Sources
White light used for potentiation of germination was provided by General Electric Delux white fluorescent tubes at 50 ,umol m-2 s-' (General Electric Co., Cleveland, OH). Red light was from either a General Electric Red F30T12-R-RD tube or a Sylvania Gold Fl5T12-GO tube (GTE Products Corp., Danvers, MA) filtered through a red cellophane (Highland Supply Corp., Highland, IL) transmitting light in the 560 to 720 nm range with peak transmission at 630 nm.
Mutagenesis
Seeds were treated with 3% EMS3 for 16 h and washed for 4 h with distilled water (15) . The EMS-treated Ml seed was sown, and M2 seeds were harvested as previously described (9) .
Characterization of Gravitropism in the Wild-Type Parent
Wild-type seeds were surface-sterilized by soaking for 5 min in 30% (v/v) commercial bleach (Patterson Laboratories, Inc., Detroit, MI, 5.25% sodium hypochlorite by weight) and 0.02% (v/v) Triton X-100. The seeds were rinsed five times with sterile distilled water, and then sown at 10 mm intervals in square, gridded 100 x 100 x 15 mm3 Integrid Petri dishes (Becton Dickinson Labware, Lincoln Park, NJ) with a nutrient salts solution (7) solidified with 1% (w/v) Bacto-Agar (Difco Laboratories, Detroit, MI). The dishes were sealed with Parafilm (American Can Co., Greenwich, CT) to maintain Plant Physiol. Vol. 93, 1990 high humidity. Seed sterilization and sowing were carried out in room light.
To potentiate germination, the dishes of seeds were placed in darkness at 4°C for 4 d, followed by white light at 25°C for 30 h (14) . The dishes were then placed on edge in darkness at 25°C and 80% RH for 21 h. Because some enhancement of gravitropic curvature by red light irradiation has been reported in Pisum sativum (2), the seedlings were irradiated with red light for 1 h, and then returned to darkness for an additional 10 h. Seedlings grew along the surface ofthe agar as previously described (4) , thus permitting the simultaneous measurement of root and hypocotyl gravitropic responses.
Three different treatments were applied to different sets of wild-type seedlings during the 32 h following the white light exposure described above. One set was maintained in the original vertical orientation for the entire 32 h. Another set of seedlings were placed horizontally at the end of the first 22 h by rotating the dishes on edge by 900, and this horizontal orientation was maintained for the remaining 10 h. A third set was placed on a horizontal clinostat, presenting gravity compensation of 10-6 to 10-5g, for the entire 32 h.
The seedlings were then shadowgraphed using a photographic enlarger. The angles of deviation from the original vertical vector were measured from these shadowgraphs with a protractor. When the dishes were rotated by 90°, the new downward direction was to the left of the original vertical vector. Positive curvature values were assigned when the root or hypocotyl was to the left of the original vertical vector, and negative curvature values were assigned when the organ was to the right of the original vertical vector. Frequency distribution histograms for the roots and the hypocotyls of each population of seedlings were plotted.
Screens for Possible Hypocotyl Gravitropism Mutants
Primary Screen M2 seeds were sown under room light in strips of microassay wells as previously described (10) . After 3 d in darkness at 4°C, the seeds were exposed to continuous white light at 25°C for 30 h. The strips of wells were then transferred to darkness at 25°C and 100% RH for 42 h. After irradiation with red light for 1 h, the strips were placed on edge to orient the seedlings horizontally.
After 8 h in the horizontal orientation, seedlings in which the hypocotyl did not curve upward were designated as possible hypocotyl gravitropism mutants. Each possible mutant was assigned a mutant line number, allowed to green under white light for 3 to 4 d, transferred to soil medium in a plastic pot, and allowed to mature under standard growth conditions. The M3 seeds were harvested from the M2 plants as previously described (9) . Approximately 40,000 M2 seedlings were subjected to this primary screen.
Secondary Screen
Approximately 140 M3 seeds from each possible mutant line were treated as in the primary hypocotyl screen, except that the seedlings were transferred to transparent tape and shadowgraphed after the 8 h of horizontal orientation. Angles ofcurvature were measured with a protractor. Possible mutant lines were identified from frequency distribution histograms of the curvature for each M3 line. Subsequent tests were performed on M3 through M5 generations.
Screens for Possible Root Gravitropism Mutants Primary Screen
M2 seeds were surface-sterilized, sown, and germinated as described above for the wild-type parent. After the dishes of germinating seeds had been on edge in darkness for 20 h, the seedlings were positioned horizontally for 22 h by rotating the dishes on edge by 90°. Seedlings in which the root did not curve downward were identified as possible root gravitropism mutants. Each possible mutant was assigned a mutant line number, and an M3 generation was obtained as in the hypocotyl screen. About 20,000 M2 seedlings were subjected to this primary screen.
Secondary Screen
Approximately 50 M3 seeds from each M2 line were treated as described for the primary root screen, except that images of the plants were traced using a photographic enlarger. The angle of deviation of the root from the original vertical vector was measured from the tracings with a protractor. Positive and negative values were assigned as described above for the wild-type parent. Possible mutant lines were identified from frequency distribution histograms of the curvature for each M3 line. Subsequent tests were performed on M3 through M5 generations.
Tertiary Screen
Subsets of the possible mutant lines were subjected to a two-part tertiary screen.
Germination Time
Fifty seeds from each line were surface-sterilized as previously noted and sown as described for the wild-type parent. After 3 d in darkness at 4°C, the dishes were placed in white light, and the number of germinating seeds was noted at 2 h intervals. The time of 50% germination, t5o, was estimated by interpolation from a linear plot of germination as a function of time.
Gravitropism Phenotypes
At least 50 seeds per line were surface-sterilized as before, sown, and germinated as described for the wild-type parent, except that the white light irradiation was terminated 1 to 2 h after the t5o for each line. After 21 h in darkness followed by 1 h of red light, the seedlings were positioned horizontally in darkness for 10 h. Both roots and hypocotyls were shadowgraphed by placing the dishes in a photographic enlarger, and the angle of deviation from the original vertical vector was measured from the enlarged image with a protractor. Positive and negative values were assigned as described for the wild-type parent. Separate frequency distribution histo- 
RESULTS
The response of wild-type seedlings to gravity is illustrated in Figure 1 . If the seedlings were maintained vertically, their (Fig. 2A) . However, nonhomogeneous hypocotyl curvature, resembling that of several possible mutants, was obtained with wild-type seedlings when the white light treatment was terminated more than 10 h after t5o (Fig. 2B) . The tertiary screen, in which the protocol was adjusted to allow for differences in germination times, eliminated those lines which would otherwise have been incorrectly identified as gravitropism mutants.
At the end of the primary screens, 1 to 2% of the seedlings were chosen as possible mutants. The secondary screens reduced this to approximately 0.4% (Table I ). The tertiary screen was conducted on possible mutant lines which exhibited the same gravitropism phenotype in repeats of the secondary screen. Two of the 50 hypocotyl gravitropism lines did not contain wild-type levels of starch in the root cap according to the assay described above. All nine of the root gravitropism lines contained wild-type levels of starch. How- Ifthe mean curvature of the line exceeded the wild-type mean by about 15°, and the SD were approximately equal, the line was designated a high bender (Fig. 3B) . If the mean curvature of the line was less than the wild-type mean by about 150, and the SD were approximately equal, the line was designated a low bender (Fig. 3C) . If the mean curvature of the line was less than the wild-type mean by about 15°, and the SD exceeded the wild-type SD by three to six times, the line was designated as altered (Fig. 3D) . Finally, if the mean curvature of the line was less than 200, and the SD exceeded the wildtype SD by more than six times, the line was designated as random (Fig. 3E) . In Figure 3 , representative frequency distribution histograms for roots are presented. Similar distributions were obtained for hypocotyls.
The mutant phenotype which was simulated using a clinostat (Fig. 1, A and B) corresponds well with the random category obtained in the screen (Fig. 3E) . Therefore, mutant lines in this category may carry lesions which affect the graviperception mechanism. The remaining three phenotype categories (Fig. 3, B , C, and D) were not simulated prior to the screen. However, these categories were not unanticipated, since these phenotypes might be expected with alterations in transduction events, such as phytohormone translocation or signal amplification.
Some special considerations must be noted in the analysis ofrandom distributions (Fig. 3E) . First, a random distribution does not approximate a normal distribution; so, the SD of a random population cannot be compared with the SD of a normal distribution. Second, the use of an abscissa from -180°to + 1800 is convenient, but arbitrary. With polar coordinates, -180°and + 1800 would be at the same point, not at the opposite ends of the abscissa. Therefore, it is necessary to plot frequency distribution histograms, rather than rely on the statistics alone, to distinguish true random lines from lines with large SD resulting from the linearity of the abscissa (3).
The categories of root and hypocotyl phenotypes within a line were not always the same. Thirty-seven of the 59 lines were affected in both root and hypocotyl, but only 16 of these exhibited the same phenotype category in both organs. In 22 lines, gravitropism was affected in either the root or the hypocotyl, but was normal in the other organ. Direct screening also increases the probability that the gravitropism pathway will be saturated with mutations at all transduction steps. This is highly unlikely with screening procedures in which mutants are eliminated from a collection on the basis of a presumably related phenotype, such as starch content or phytohormone response.
Identification of hypocotyl mutants was complicated by the variability of the wild-type gravitropism phenotype. The position of the hypocotyl hook with respect to the gravity vector has been shown to be one source of variability in curvatures in response to short stimulation times (10) . However, it is unlikely that this was the source of variability here since, by 10 h of gravistimulation, no correlation between curvature and hook position was observed (data not shown).
The homogeneity of hypocotyl curvature by populations of wild-type seedlings was dependent on the duration ofexposure to the germination potentiating white light treatment (Fig. 2) . This variability in wild-type gravitropism could be due to subtle differences in hypocotyl length at the time of gravistimulation, in growth rate during curvature development, or in attenuation of the graviperception mechanism with seedling age. Since homogeneity of curvature was one criterion used in identifying possible mutants, it was necessary to address this variability of response during the screening procedure. By adjusting the protocol in the tertiary screen to allow for differences in germination, the physiological age of mutant and wild-type populations was standardized. As a result, lines which otherwise would have been incorrectly identified as gravitropism mutants were eliminated in the tertiary screen.
The overall frequency of gravitropism mutants can only be estimated at this point in the screen. Out of 226 possible mutant lines from the secondary screen, a total of 75 lines was tested in the tertiary screen, and about 20% of these were eliminated. Hence, 80% of the remaining 151 untested lines would be expected to maintain their mutant phenotypes. Therefore, the expected total number ofgravitropism mutants is 179, and the estimated overall frequency is 0.3%. This is higher than the 0.1% reported for starchless mutants (5) , and, if significant, could indicate that the gravitropism pathway is more complex than that ofstarch metabolism. However, since the lines subjected to the tertiary screen were chosen on the basis of the repeatability of their phenotype, it is feasible that a larger percentage of the untested lines would be eliminated in a tertiary screen, thus reducing the overall frequency.
Thirty-seven percent of the lines exhibited mutant phenotypes in either the root or the hypocotyl. This genetic separability was reported previously in Pisum sativum ageotropum (13) , and supports the hypothesis that some gravitropism transduction events are not shared by the two organs. However, collections of mutants resulting from direct screens will permit us to estimate the number of steps shared by the roots and hypocotyls. Such an estimate requires that the lines represent mutations in different loci. This can be determined by crossing each line with each of the other lines, and examining the progeny for evidence of complementation. If the progeny exhibit a wild-type gravitropism phenotype, complementation has occurred and the lines probably represent mutations at different loci. However, if the gravitropism phenotype of the progeny remains mutant, the lines probably represent mutations in the same loci. Although the occurrence of intra-allelic complementation would result in overestimation, these guidelines afford a first approximation of the number of unique loci present in a collection. Combining this type of information from several collections obtained using a variety of mutagens, it is feasible that mutations could be obtained in each step of the gravitropism pathway. Hence, the number of steps in the pathway could be estimated for each organ, and the identification of individual steps would be facilitated. In summary, the direct screening procedure presents us with data and opportunities unavailable through previously used procedures. First, mutants unobtainable through biochemically based screens can be isolated through a direct screening procedure. For 
